1. Introduction {#sec1}
===============

Enzymes, of which structures and functions are prescribed in genes, basically mediate all metabolisms needed for the development and functions of living organisms. Among the many enzymes, protein tyrosine kinases (PTKs) are known to play key roles in intracellular signaling for the development and functions of cells \[[@B1]\]. The mechanisms for regulation of the catalytic activities of PTKs seem to be principally prescribed in genes. These mechanisms include phosphorylation and dephosphorylation of specific tyrosine residues on the kinase protein by other PTKs or protein tyrosine phosphatases (PTPs), the structures and functions of which are all under genetic control \[[@B2]--[@B8]\]. For example, the catalytic activity of Src, a representative PTK, is known to be downregulated through phosphorylation of Tyr527 located in the tail of Src protein by CSK, another PTK, which leads to binding of the tail to the specific structure on the SH2 domain of Src to make the catalytic domain of Src closed \[[@B2], [@B3]\]. Additionally, it is known to be upregulated by dephosphorylation of phosphorylated Tyr527, which allows the catalytic domain to open, inducing phosphorylation of Tyr416 as the major autophosphorylation site and upregulation of the kinetic activity to phosphorylate exogenous specific substrates \[[@B2]--[@B4], [@B7], [@B8]\]. On the other hand, dephosphorylation of phosphorylated Tyr416 by PTPs downregulates the kinase activity \[[@B5], [@B6], [@B8]\].

Results of several early studies have, however, suggested that the catalytic activities of PTKs are modulated by exposure of cells to environmental chemicals or oxidative agents \[[@B9]--[@B13]\]. It could be that the catalytic activities of PTKs are upregulated through redox mechanism-based inactivation of PTPs which otherwise dephosphorylate phosphorylated tyrosines at the major autophosphorylation sites of PTKs \[[@B11]--[@B14]\]. Recent evidence has, however, also suggested that environment-linked chemical or redox reactions directly attack PTKs for modification of their catalytic activities and subsequent signaling for cell activation \[[@B15]--[@B19]\]. This may occur through oxidization of SH groups of specific cysteines on PTK molecules by ROS that are generated intracellularly after clustering of cell surface receptors in association with membrane lipid rafts by environment-linked chemical or redox reactions \[[@B15], [@B20]--[@B24]\]. Chemical or redox reaction-mediated clustering of cell surface receptors in association with membrane lipid rafts has further been shown to deliver signals for either cell activation or cell death depending on the conditions \[[@B20], [@B24]--[@B30]\].

Recent observations on how environment-linked chemical or redox reactions control genetically prescribed signaling for cell activation or cell death are reviewed here, following several related review articles on this matter \[[@B9], [@B10], [@B28], [@B31]--[@B38]\]. Additionally, significance of these observations is briefly discussed from the viewpoint of crosstalk between environment-linked chemical or redox reaction- (covalent bond)-mediated and genetically prescribed (protein tertiary structure-linked noncovalent bond-oriented) regulation of intracellular signaling for either cell activation or cell death.

2. Environment-Linked Chemical or Redox Reaction-Mediated Bypass of Genetically Prescribed Receptor-Ligand Recognition {#sec2}
======================================================================================================================

Initial activation of PTKs is usually linked to recognition by cell surface receptors of specific ligands. Thus, receptor type PTKs such as EGFR first bind specific ligands such as EGF to be dimerized on cell membranes for activation. On the other hand, Src family PTKs as nonreceptor type PTKs with a hydrophobic structure at the N-terminus are activated following specific ligand-induced clustering of cell surface receptors in association with membrane lipid rafts. Lipid rafts are known to work as a station of molecules for signal transduction to which the nonreceptor type PTKs are attached under the cell membrane \[[@B41]--[@B45]\]. Earlier experiments showed that this receptor-ligand bond-mediated step for activation of either receptor type \[[@B26]\] or Src family nonreceptor type \[[@B17], [@B20]--[@B23], [@B46], [@B47]\] PTKs in cells can be bypassed by environment-linked chemical or redox reactions. These reactions induce clustering of receptors and membrane lipid rafts, which somewhat mimics ligand-mediated receptor clustering. Environmental agents for such chemical or redox reactions include thiol-reactive Hg^2+^ ions \[[@B20]--[@B22], [@B46]--[@B48]\], arsenite \[[@B24], [@B29]\] and methane sulfonate compounds (1,4-butanediyl-bismethanethiosulfonate (BMTS) \[[@B47], [@B49]\], protein amino group-reactive carbonyl compounds (glyoxal, methylglyoxal) \[[@B23], [@B50], [@B51]\], and protein sulfhydryl, amino, and imidazole groups-reactive 4-hydroxynonenal (HNE) \[[@B26], [@B27], [@B52]\].

This pathway of activation of PTKs has been most extensively studied in cells carrying Src family PTKs such as c-Src (primary and tertiary structures of human c-SRC are illustrated in comparison with those of human c-RET in [Figure 1](#fig1){ref-type="fig"}) and Lck, which direct other PTKs such as ZAP70 and Syk and a large family of protein serine/threonine kinases downstream of the signal transduction cascade. Exposure of cells carrying c-Src or Lck to Hg^2+^, arsenite, glyoxal, or 1,4-butanediyl-bismethanethiosulfonate (BMTS) induced chemical or redox reaction-mediated clustering of membrane rafts. This occurred in close association with clustering of glycosylphosphatidyl inositol- (GPI-) anchored proteins in the rafts as the potential direct targets of the redox reactions and Src family PTKs that are bound to lipid rafts with a myristoylated membrane-targeting structure at the N terminus (20, 53). This signaling event was followed by activation of Src family PTKs as well as generation of ROS \[[@B23], [@B48]\]. Generation of ROS possibly underlay the mechanism of activation of PTKs and ultimately led to cell activation or cell death. All of these signal transduction pathways were inhibited by methyl beta cyclodextrin, a compound that disrupts [lipid rafts](http://en.wikipedia.org/wiki/Lipid_rafts) by removing cholesterol from membranes \[[@B24]\]. This suggested a crucial requirement of the integrity of membrane lipid rafts in the redox reaction-linked signal pathway that apparently mimics the genetically prescribed receptor-ligand bond-mediated signal transduction. HNE, which is able to pass through the plasma membrane, also triggered another signal transduction pathway for cell death, possibly through scavenging intracellular glutathione \[[@B27]\]. These results suggest that genetically prescribed signal transduction pathways for cell activation or cell death, including the step of PTK activation, can be bypassed or modified at different steps by environment-linked chemical or redox reaction-mediated pathways.

As briefly mentioned in the introduction section, the receptor-ligand bond-mediated signaling pathway for activation of Src kinase is originally prescribed by genes. This pathway includes phosphorylation of Tyr527 in the tail of Src protein by CSK to be bound to the SH2 domain of Src for stabilizing and inactivating the kinase molecule \[[@B2]--[@B4], [@B7]\]. Binding between cell surface receptors attached to membrane lipid rafts, including GPI-anchored proteins, and their ligands may trigger the signal pathway for dephosphorylation of phosphorylated Tyr527 of Src kinase (or its equivalent tyrosine residues of other Src family PTKs) by specific PTPs. This should result in disruption of the bond between phosphorylated Tyr527 and SH2 domain of Src and induction of autophosphorylation of Tyr416 for activation of the catalytic activities of Src or other Src family PTKs \[[@B5], [@B6], [@B8]\]. Recently, the question of whether this is the only mechanism for triggering Tyr416 autophosphorylation and activation of Src or other Src family PTKs has been repetitiously discussed \[[@B10], [@B31]--[@B37]\].

Pu et al. \[[@B46]\] investigated whether the environment-linked chemical or redox reaction-oriented signaling pathway that bypasses the genetically prescribed cell surface receptor-ligand interaction-mediated pathway includes the above-described Tyr527-mediated regulatory mechanism of Src kinase. They revealed that cells carrying Tyr527-missing v-Src or cells missing CSK for phosphorylation of Tyr527, which are thereby already active, were still reactive to Hg^2+^ for superactivation of the kinases. It was concluded from these results that the environment-linked chemical or redox reaction-mediated pathway triggers a new mechanism for Tyr416 autophosphorylation and activation of Src kinase independent of dephosphorylation of previously phosphorylated Tyr527.

Oxidative agents are known to inactivate PTPs of which cysteine residues in the catalytic domain \[[@B54]\] are sensitive to the agents. It has long been suggested that this is the central or even the only mechanism of upregulation of PTKs by oxidative agents, maintaining the autophosphorylation level of major tyrosine residues in the catalytic domain of PTKs \[[@B11], [@B12], [@B53]\]. ROS produced in cells through the mechanism triggered by environment-linked chemical or redox reaction-mediated clustering of cell surface receptors/membrane rafts might actually inactivate PTPs, which in turn upregulate the catalytic activity of PTKs \[[@B14]\].

3. Redox Reaction-Mediated Direct Modification of Molecular Structures of PTKs for Regulation of Their Catalytic Activities *In Vitro* {#sec3}
======================================================================================================================================

In earlier experiments, Pu et al. \[[@B15]\] and Akhand et al. \[[@B16]\] exposed Src kinase proteins that had been immunoprecipitated from cell lysates in a medium with detergents to sulfhydryl-reactive Hg^2+^ \[[@B55]\] or nitric oxide- (NO-) generating S-nitroso-N-acetyl penicillamine (SNAP) \[[@B16]\]. They then measured the catalytic activities of Src proteins for Tyr416 autophosphorylation and tyrosine phosphorylation of specific substrates.

Pu et al. \[[@B15]\] showed that the catalytic activity of immunoprecipitated c-Src from NIH3T3 cells was elevated severalfold by exposure to low to moderate concentrations (0.5--50 *μ*M) of Hg^2+^, whereas it was decreased by exposure to a high concentration (500 *μ*M) of Hg^2+^. N-acetylcysteine neutralized this Hg^2+^ effect, suggesting the involvement of a redox reaction in the mechanism. Addition of the protein tyrosine phosphatase inhibitor Na~3~VO~4~ to the reaction mixture did not inhibit the Hg^2+^-mediated activation. This result provisionally eliminates the possibility that Hg^2+^-mediated inactivation of PTPs was the central mechanism for upregulation of the c-Src activity. Hg^2+^ was further found to be capable of activating Tyr527-defective v-Src kinase and c-Src kinase from mutant cells defective in Tyr527-phosphorylating Csk kinase. Cyanogen bromide cleavage maps revealed that Hg^2+^ selectively promoted the autophosphorylation at Tyr416 and that the previously *in vivo* radiolabeled phosphorus on Tyr527 was not deleted. These observations suggested that Hg^2+^ triggered the redox reaction-linked mechanism for promotion of both autophosphorylation and general catalytic activity of Src kinase *in vitro* independent of Tyr527-linked or PTP-mediated regulation. The exact target structure of the redox reaction for promotion of autophosphorylation of c-Src was not, however, identified in these experiments.

Exposure of Src kinase to SNAP was also shown to promote Tyr416 autophosphorylation independent of Tyr527-linked or PTP-mediated regulation \[[@B16]\]. Interestingly, promotion of Tyr416 autophosphorylation, which accompanied increase in overall kinase activity of c-Src, was found to be closely linked to S--S bond-mediated aggregation of Src molecules. This observation supported a hypothetical view that the environment-linked oxidative agent-triggered signal transduction pathway for upregulation of c-Src activity includes sulfhydryl-oxidation-mediated structural modification of Src proteins.

Further experiments demonstrated that exposure of cells carrying RET kinases to ultraviolet (UV) \[[@B17], [@B56]\] or osmotic pressure \[[@B18]\] intracellularly induced activation of these kinases. Either c-RET proto-oncogene as a receptor type PTK or its consistently active oncogene mutants, including an extracellular domain-deleted (nonreceptor type) mutant RET-PTC-1 (primary and tertiary structures of c-RET in comparison with those of c-SRC are illustrated in [Figure 1](#fig1){ref-type="fig"}.), were activated. Interestingly, UV- or osmotic pressure-mediated activation of RET-PTC-1 accompanied an increase in the amount of S--S bond-mediated dimers of the kinase proteins. Exposure of cells to UV or osmotic stress increased S--S bond-mediated dimerization from 1% as the background level to 4% of total RET-PTC-1 proteins, and the fraction of dimerized RET-PTC-1 selectively displayed a high level of autophosphorylation \[[@B17], [@B18]\]. This was demonstrated by an *in vitro* kinase assay under the condition with or without a reducing agent (2-mercaptoethanol) for the kinase proteins that had been immunoprecipitated from the UV- or osmotic stress-exposed cells. It was speculated that the UV-induced or osmotic-stress-generated ROS in cells attacked intracellular domains of the RET kinase to oxidize the domains for S--S bonded dimerization, ultimately resulting in promotion of autophosphorylation and activation of the kinase.

More recently, direct evidence has been provided by Kemble and Sun \[[@B19], [@B38]\] for oxidative modification of purified Src proteins accompanying changes in the levels of their catalytic activities. They isolated Src proteins from bacteria lysates containing recombinant Src proteins by adding iminodiacetic acid-agarose beads charged with NiCl~2~ to the lysates. The isolated Src proteins were active when reduced by adding dithiothreitol (DTT) to a medium containing Src proteins and retained 8--25% of their full activity when oxidized by adding H~2~O~2~ to the medium. This downregulation of the kinase activity was shown to be caused by oxidation of specific cysteine residues on Src, resulting in an S--S bridge for dimerization of Src molecules. Their study results formally proved that some cysteine residues on Src proteins are capable of being oxidized for dimer formation with downregulation of the kinase activity. This effect of dimer formation is, however, apparently opposite to the above-described effect on immunoprecipitated RET-PTC-1 kinase, in which the kinase activity was upregulated in linkage to S--S bond-mediated dimerization of kinase proteins \[[@B17], [@B18]\].

The reason why dimer formation of Src or RET-PTC-1 due to S-S bonds between specific cysteine residues induced apparently opposite effects on their kinase activities in the experiments performed by two different study groups \[[@B17]--[@B19]\] is not clear. However, in the model of RET-PTC-1, kinase molecules must have been exposed to possibly mildly oxidative environments in cells. Intracellular environments are normally maintained for reducing because of the presence of large amounts of reducing agents such as glutathione and thioredoxin, and the oxidizing/reducing balance in cells therefore does not change drastically even after production of ROS in cells (57). The mildly oxidative environment possibly selectively affected SH groups of specific cysteines for fine structural modification of kinase proteins, which was needed for maintenance and upregulation of the kinase activity. RET-PTC-1 molecules were possibly located in a row under the cell membrane, which should make two neighboring kinase molecules easily accessible to each other for S--S bonded dimerization at specific cysteines. S--S bonded dimerization in close linkage to upregulation of the kinase activity \[[@B17], [@B18]\] is direct evidence of the involvement of oxidative structural modification in redox-mediated upregulation of PTK activities. S--S bonded dimerization may not, however, be an absolute requirement for the oxidative effects for upregulation of PTKs as discussed in the next section.

In contrast, isolated recombinant Src proteins prepared by Kemble and Sun \[[@B19]\], which were probably arranged in a random manner *in vitro*, were affected by rather heavily oxidative agents such as oxygen in air and H~2~O~2~, which possibly oxidized free SH groups on multiple cysteines on Src but selectively induced dimerization through S--S bonds between specific cysteines, probably inducing a major structural change of Src for downregulation of the kinase activity.

4. Identification of Submolecular Structures in PTK Molecules as the Targets of Redox Reaction for Regulating the Catalytic Activities of PTKs {#sec4}
==============================================================================================================================================

Kemble and Sun \[[@B19]\] studied the target cysteine residues responsible for S--S bonded dimer formation of Src proteins by preparing mutant proteins in which each of totally ten cysteine residues of Src was replaced with alanine. They showed that dimer formation occurred only through oxidation of Cys277, which is located in the catalytic domain of Src.

On the other hand, Kato et al. \[[@B17], [@B56]\] and Takeda et al. \[[@B18]\] examined the sensitivity to ultraviolet light irradiation or osmotic stress of RET-PTC-1 (a nonreceptor type PKC) mutants. Each of two cysteine residues (Cys365 and Cys376) on the alpha-helix H region downstream of the catalytic domain of RET-PTC-1 was replaced with alanine. They found that the mutants in which Cys376 of RET-PTC-1 is replaced with alanine almost totally lost their background ability for inducing autophosphorylation of Tyr294 as the major autophosphorylation site \[[@B58]\]. The mutants at the same time lost their abilities to form S--S bonded dimers of kinase proteins in cells to which a high level of autophosphorylation was associated (*in vivo*), even after exposure to ultraviolet irradiation or osmotic stress. These results are in contrast to another observation that replacement of Cys365 of RET-PTC-1, a cysteine located near Cys376 on alpha-helix H, with alanine did not detectably alter either background ability for autophosphorylation of Tyr294 or the ability to form S--S bonded dimer formation in cells. Correspondingly, a single mutation in Cys498 of v-Src, an equivalent of Cys376 of RET-PTC-1, but not in other cysteines yielded clear suppression of kinase activity and temperature sensitivity in cell transformation \[[@B59]\]. Takeda et al. \[[@B60]\] further confirmed that all RET-PTC-1 mutants in which C376 of RET-PTC-1 was replaced with glycine, lysine, threonine or serine lost their background level of activity for autophosphorylation of Tyr294 in cells, even though comparable amounts of RET proteins were obtained from each of these mutants, suggesting that possibly accelerated degradation of the mutant proteins is not the reason for the above-mentioned loss of abilities. All of these results suggested that Cys376 of RET-PTC-1, an equivalent of Cys498 of Src or Cys987 of c-RET, is crucially involved in the maintenance and upregulation of catalytic activities of these kinase proteins in cells. Moreover, because both S--S bonded dimer formation and Tyr294 autophosphorylation were simultaneously lost in the Cys376-missing RET-PTC-1 mutant, it is likely that Cys376 plays a crucial role in the redox regulation of the kinase activity of this PTK through oxidative structural modification.

Cys277 of Src is located in the sequence context of GQGCFG on the small N-terminal lobe of the catalytic domain and is conserved in 8 of more than 90 human PTKs examined \[[@B19]\]. On the other hand, Cys376 of RET-PTC-1 or Cys498 of Src is located in the MXXCW motif on the C-terminus of alpha-helix H and is conserved in all but one (FGR: threonine in place of cysteine) of 82 human PTKs examined in the database Swiss-Prot (18/11/2004), suggesting a crucial role in regulation of the kinase activity of PTKs in general \[[@B32], [@B33], [@B58]\].

Structural modification of Cys376 of RET-PTC-1, Cys498 of Src or its equivalent cysteine residues on almost all PTKs in a mildly oxidative environment in the cell could thus work to basically maintain or to upregulate the kinase activity. In contrast, modification of Src proteins at Cys277 or its equivalent cysteine residues on 8 out of more than 90 human PTKs in possibly heavily oxidative environments evidently acted to downregulate it (see [Figure 2](#fig2){ref-type="fig"}). The reason of the different effects of S--S linked dimerization on RET-PTC-1 and Src might simply be that RET-PTC-1 is missing the cysteine equivalent to Cys 277 of Src. Pu et al. \[[@B15]\] have, however, shown that exposure of immunoprecipitated Src proteins to low to moderate levels of sulfhydryl-reactive Hg^2+^*in vitro* caused upregulation of the kinase activity, whereas exposure of these proteins to a high level of Hg^2+^ downregulated the activity. The latter observation might have involved oxidization of Cys277, although S--S bonded dimerization was not detected in their experiment. It is possible that long-term exposure to oxygen in air (*in vitro*) during preparation of recombinant Src proteins \[[@B19]\] caused the proteins to be oxidized at a number of free SH groups of cysteines possibly including both Cys277 and Cys498. S--S bonded dimerization, however, occurred only between Cys277, of which the downregulatory effect mostly overcame the potential upregulatory effect by oxidization of Cys498.

Taken together, the results indicate that oxidative structural modification of PKTs might bidirectionally control their kinase activities in the following manner. Fine structural modification by oxidization of Cys376 of RET-PTC-1 or its equivalent cysteines in mildly oxidative environments works for maintenance and upregulation of kinase activities of almost all PTKs carrying equivalent cysteine residues. In contrast, more extensive structural modification of PTKs through oxidization of Cys277 of Src or its functionally equivalent cysteine residues on other PTKs in heavily oxidative environments downregulates their kinase activities. The fine structural modification through oxidization of Cys376 of RET-PTC-1, Cys498 of Src or its equivalent cysteine residues on other PTKs for kinase activation may not necessarily require S--S bonded dimerization of kinase proteins. Oxidization of the SH group to S--X seems still effective, because exposure of immunoprecipitated Src proteins to sulfhydryl-reactive Hg^2+^ successfully induced upregulation of the kinase activity without S--S bonded dimerization of the kinase proteins *in vitro*.

5. Further Crosstalk between Genetically Prescribed and Environment-Linked Signaling Systems for Regulating Kinase Activities of PTKs {#sec5}
=====================================================================================================================================

FGR, an exceptional PTK that does not carry Cys376 of RET-PTC-1-equivalent, carries threonine in place of cysteine in the MXXCW motif. Takeda et al. \[[@B60]\] therefore investigated the mechanism for this exceptional PTK to keep its kinase activity. They prepared a number of RET-PTC-1 mutants in which Cys376 was replaced with glycine, lysine, threonine, or serine and examined the kinase activities of imunoprecipitated mutant RET-PTC-1 from cell lysates *in vitro*. As described in the previous section, all of these mutant proteins almost totally lost their basic kinase activities *in vitro*. Surprisingly, however, cells carrying Cys376Ser or Cys376Thr mutant RET-PTC-1, but not those carrying Cys376Gly or Cys376Lys mutant RET-PTC-1, displayed almost normal levels of autophosphorylation at Tyr294 *in vivo* (in cells). Correspondingly, Cys376Thr/Ser, but not Cys376Gly/Lys, was capable of inducing cell transformation almost as effectively as parental RET-PTC-1 as an active oncogene.

Further study demonstrated that the essential role of the cysteine at the MXXCW motif in initiating the kinase activity of RET-PTC-1 could be partially replaced by the activity of protein kinase C as a serine/threonine kinase *in vivo* (but not *in vitro*). This result suggested that the PTK missing the cysteine at the MXXCW motif uses an alternate PKC-mediated pathway as a rescue system for maintaining the kinase activity. PKC itself in the rescue pathway should, however, be activated by another PTK that possesses the cysteine at the MXXCW motif. It is therefore speculated that there is a new pathway of crosstalk between genetically prescribed and environment-linked mechanisms for regulation of PTKs. Crosstalk between Src and RET kinases has also been reported as Src-mediated repair of function-impaired RET-MEN2A (another oncogenic RET mutant) with substitutions of tyrosines in the COOH-terminal kinase domain for phenylalanine \[[@B61]\].

6. Crosstalk between Environment-Linked and Genetically Prescribed Signals for Either Cell Activation Or Cell Death {#sec6}
===================================================================================================================

Environment-linked oxidative signals have also been shown to induce apoptotic cell death, basically sharing a common initial step for cell activation, by inducing clustering of cell surface receptors in association with membrane lipid rafts \[[@B24]\]. This signaling pathway was shown to induce generation of reactive oxygen species (ROS) and activation of apoptosis signal-regulating kinase 1 (ASK-1), c-Jun amino-terminal kinase (JNK), and p38 MAPK and reciprocal regulation of Bcl-2/Bax \[[@B24], [@B50], [@B52], [@B62], [@B63]\] or downregulation of ERK \[[@B51]\]. This pathway was further shown to cause mitochondria to release cytochrome c, leading to activation of caspases for DNA fragmentation and apoptotic cell death, or to release of a high level of ROS for necrotic cell death \[[@B25]\]. Environment-linked oxidative agents might also more directly affect mitochondria \[[@B30]\] or induce an intracellular reduced glutathione level \[[@B27]\], ultimately leading to apoptotic or necrotic cell death.

These observations suggest extensive crosstalk between microenvironment-linked and genetically prescribed signals for inducing either cell activation or cell death (see [Figure 3](#fig3){ref-type="fig"}). Switching for either cell activation or cell death seems to depend on the nature and levels of environment-linked chemical or oxidative signals and on the time of involvement of environment-linked signals in relation to the stage of genetically prescribed development and functions of the cells.

A number of environment-linked chemical or oxidative signals seem to be changed to intracellular oxidative signals through generation of ROS as potential second messengers in signal transduction in cells \[[@B34], [@B35]\]. ROS may lead to either cell activation or cell death depending largely on the level of ROS generated \[[@B20], [@B25]\]. Thus, a low level of environment-linked oxidative stress probably induces a low grade of ROS production for upregulation of PTKs. This causes downstream activation of MAP family kinases such as ERK, serine/threonine kinases, and transcriptional factors for production of specific cytokines and cytokine receptors, ultimately leading to cell activation and proliferation. In contrast, a slightly increased level of oxidative stress induces apoptotic cell death through a cascade of signaling such as a higher grade of ROS production and downstream activation of the ASK-1-mediated signal pathway including JNK/p35MAPK, Bax/BH3, cytochrome c, and caspases. Higher levels of stress induce necrosis accompanying a high-grade ROS production possibly through serious damage of mitochondria \[[@B49]\].

A low level of ROS is always produced by mitochondria and may be used for controlling the activation levels of PTKs physiologically \[[@B32]\]. A higher level of ROS can be produced in cells after direct attack of mitochondria by environment-linked oxidative agents. Evidence has been provided for a mechanism to localize ROS signal at a specific subcellular compartment, which is essential for promoting redox-linked signaling pathways after cell surface receptor activation \[[@B64]\]. ROS production for inducing either cell activation or cell death has been suggested to be membrane raft linked \[[@B24], [@B65], [@B66]\] and might be localized through interactions of NADPH oxidase with signaling platforms associated with lipid rafts \[[@B64]\]. Favoring in part this speculation, Kawamoto et al. recently obtained experimental results suggesting that cells exposed to sulfhydryl-reactive arsenite generate ROS outside mitochondria (unpublished observation).

7. A Potentially Basic Role of Environment-Linked Control of Genetically Prescribed Signaling Systems in Living Organisms {#sec7}
=========================================================================================================================

Both the development and functions of living organisms are basically self-regulated by information natively included in genes. Thus, genes code for tertiary structures of proteins, including receptors and their ligands, which provide noncovalent bond-oriented molecular switches in signal transduction for either cell activation or cell death. However, the environment conditionally gives some covalent bond-mediated nongenetical information to living organisms \[[@B9]\], particularly through environment-linked oxidizing or reducing (redox) reactions. The redox reactions are principally reversible and might therefore replace some of the genetically prescribed noncovalent bond-mediated molecular switches for signal transduction.

Recent evidence introduced here suggests that the environment-linked covalent bond (chemical or redox reaction-) mediated information plays a crucial role in controlling the genetically prescribed noncovalent bond-oriented signaling systems for cell activation or cell death. The key target molecules for the covalent bond-mediated information are membrane lipid raft-associating cell surface receptors and intracellular PTKs. PTKs as crucial targets of redox regulation are capable of triggering subsequent cascade reactions of signaling elements such as protein serine/threonine kinases and transcription factors. The idea for general importance of redox regulation of PTKs in overall signal transduction in living organisms corresponds well to the fact that the specific cysteine residue as the target of redox regulation is highly conserved in a number of human PTKs \[[@B33]\].

8. Conclusion {#sec8}
=============

Environment-linked chemical or redox reactions control the genetically prescribed signal delivery system for either cell activation or cell death in living organisms. Accumulated evidence indicates that this includes environment-mediated control of PTKs as a master key of intracellular signal transduction for cell activation and of several elements of signal transduction for cell death. The pathway for environment-linked control of PTKs include (1) clustering of cell surface receptors in association with membrane lipid rafts, potentially bypassing receptor-ligand interaction, and (2) membrane lipid raft-linked production of ROS beneath the membrane. This leads to (3) ROS-mediated inactivation of PTPs, which in turn upregulate PTKs, and to (4) ROS-mediated oxidative structural modification of PTKs for bi-directional direct control of PTKs through oxidization of SH groups of specific cysteines on PTKs to either S--S or S--X. Upregulated PTKs promote the subsequent signal transduction, ultimately resulting in either cell activation or cell death. Intracellular ROS produced might also promote other pathways of signal transduction for cell death. It is concluded that environment-linked chemical or redox reactions, which are mediated by covalent bonds, bidirectionally control the genetically prescribed and thereby protein tertiary structure-linked noncovalent bond-oriented signaling systems for either cell activation or cell death in living organisms.

![Shematic illustration of structures of human c-SRC and human c-RET kinase proteins. Primary and tertiary structures of c-SRC (PDB 2SRC) and c-RET (PDB 2IVS) are deduced from the data in Protein Data Bank (PDB). (a) Primary structures of c-SRC (top) and c-RET (bottom) kinase domains. *α*: *α*-helix; *β:β*-sheet. (b) Tertiary structures of SH3, SH2, and kinase (N-lobe and C-lobe) domains of c-SRC (left) and kinase domain of c-RET (right). Positions of Tyr416 of c-SRC and Tyr905 of c-RET as major autophosphorylation sites and those of Cys277/Cys498 of c-SRC and Cys987 of c-RET (equivalent to Cys376 of RET-PTC-1) as well as positions of N-terminal (N) and C-terminal (C) amino acids are shown.](ER2011-896567.001){#fig1}

![Summary of observations for bi-directional control of PTKs through their potential structural modification by redox reactions. Kemble and Sun demonstrated a pathway for definitive structural modification-mediated downregulation of the kinase activity of Src in heavily oxidative environments *in vitro* through disulfide-bonded dimerization of Src proteins at Cys277. On the other hand, Kato et al. and Takeda et al. revealed another pathway for possibly fine structural modification-mediated upregulation of kinase activities of RET-PTC-1 in a mildly oxidative environment *in vivo* through disulfide-bonded dimerization of RET proteins at Cys376. Pu et al. and Akhand et al. further demonstrated that exposure of immunoprecipitated Src proteins from cell lysates to low to moderate levels of sulfhydryl-reactive Hg^2+^ or NO-releasing SNAP induced Tyr527/PTP-independent activation of Src kinase, whereas their exposure to a high level of Hg^2+^ downregulated it.](ER2011-896567.002){#fig2}

![Suggested crosstalk between the genetically prescribed system in living organisms and environments through chemical or redox reactions in the signal transduction for either cell activation or cell death. The genetically prescribed signaling system includes noncovalent bond-oriented interaction between receptors and specific ligands and subsequent activation of PTKs, serine/threonine kinases, and transcriptional factors. This system is regulated by environment-linked covalent bond-mediated redox reactions, which primarily attack cell surface receptors in association with cell membrane lipid rafts, resulting in intracellular production of ROS. ROS might directly or indirectly affect PTKs, ASK-1, or mitochondria for promotion of subsequent signal transduction, which ultimately leads to either cell activation/growth or cell death.](ER2011-896567.003){#fig3}
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